Isolates of the plant pathogenic fungus Nectriu haematococcu can demethylate pisatin, an isoflavonoid phytoalexin produced by pea. Previous evidence has shown that pisatin demethylase is a cytochrome P-450 monmxygenase. In culture some isolates can be induced to demethylate pisatin at a high rate by pretreatment with the substrate, while others demethylate pisatin more slowly, regardless of pretreatment. Results from the present study indicate that in two naturally occurring isolates these pisatin demethylating phenotypes are controlled by genes at three loci. The phenotype with high pisatin demethylating activity is conferred by an allele at locus pda-I. Alleles at each of two other loci (pdu-2, pdu-3) confer low pisatin demethylating activity. Only isolates with negative alleles at all three loci lack pisatin demethylase activity altogether. Locuspdu-1 appears to be linked to a gene determining female fertility (fem) in this fungus.
INTRODUCTION
Like many other plants, the garden pea (Pisum saticum L.) can produce and accumulate antimicrobial substances (phytoalexins) when challenged by micro-organisms. Phytoalexins have been suggested to be the basis for active resistance to plant disease in many instances (Cruickshank, 1980) . The major phytoalexin of pea is the isoflavonoid compound pisatin (Perrin & Bottomley, 1962) .
Many isolates of the fungus Nectria haematococcu Berk. and Br., mating population (MP) VI (imperfect form: Fusarium suluni) are highly virulent pathogens of pea (VanEtten, 1978;  VanEtten et of., 1980). In response to a challenge by either highly virulent or essentially avirulent isolates of N . haemutococca, pea plants accumulate high concentrations of pisatin (Tegtmeier & VanEtten, 1982b) . To date, all tested isolates of N. haemutococca that are highly or moderately virulent to pea have been found to be capable of demethylating pisatin to the corresponding phenol, DMDP (Tegtmeier & VanEtten, 19826;  Van Etten et al., 1980) , which is less toxic to the fungus than pisatin (VanEtten et al., 1975 (VanEtten et al., , 1982 . Some isolates of the fungus lack the ability to demethylate pisatin, and all of these are low in virulence (Tegtmeier & VanEtten, 1982b;  VanEtten et a/., 1980). The enzyme pisatin demethylase, studied in one demethylating isolate, is a microsomal cytochrome P-450 monooxygenase (Desjardins et al., 1984; Matthews & VanEtten, 1983) . This monooxygenase may thus be required for fungal virulence to pea (VanE tten, 1982) .
Previous random ascospore and tetrad analysis of N . haematococca suggested that alleles at any one of at least two loci may be sufficient to confer a pisatin demethylating phenotype T-2 and T-9 are field isolates obtained from diseased peas and T-219 is a field isolate obtained from soil. Other t See text for description of phenotypes.
isolates are single ascosporc isolations.
All isolates were maintained on V-8 juice agar (medium 29; Stevens, 1974) under fluorescent lighting at 20 "C. Techniques for crossing and ascospore isolation have been described previously (Tcgtmeier & VanEtten, 1 9 8 2~; VanEtten. 1978) . Crosses between isolates were made by spreading spores of a female fertile (FEM ) isolate on V-8 juice agar medium, and allowing mycelium to develop, at 20 "C. for 6 to 14 d. After this period, spores from 6 to 14 d cultures of a female sterile (FEM-) isolate of opposite mating type were spread on the FEM + mycelium in a small volume of sterile distilled water. Excess water was poured off and the fertilized cultures were incubated under continuous fluorescent lighting. Ascospores from developing perithecia were isolated 2 to 4 weeks after fertilization.
Asci of N. huemurococco contain a maximum of eight ascospores. representing mitotic pairs of the four meiotic products. Frequently, however, fertile matings resulted in many asci with fewer than the maximum number of ascospores. For tetrad analysis it was often necessary to isolate asci with only six or seven ascospores. If segregation of other markers (see below) in iisci with less than eight spores indicated that the four meiotic products were represented, these tetrads were uscd for genetic analysisof pisatin demethylasc phenotypes and the ratios are reported as if all eight spores were present.
Markers followed in crosses were mating type (MAT), female fertility (FEM), and pisatin demtthylase phenotype (PDA). In later crosses, blue pigmentation of mycelium (BLU) was used as an additional marker. Blue pigmentation of the normally white mycelium developson V-8 juice agar medium, is lightdependent, and appears to bc under the control of two linked genes (Kistler, 1983 Cultures were incubated on a reciprocal shaker ( I 10 strokes min -I ) at 27 "C for approximately 72 h. The resulting mycelium was then filtered through cotton cloth and washed with 50 ml distilled water. Mycelium was resuspended in potassium phosphate buffer (50 mM, pH 6.5) at a density of 30 mg fresh weight mycelium ml-I . Samples of S ml of the resulting suspensions were placed in 25 ml Erlenmeyer flasks. Pisatin (not radiolabelled) was then added toeach culture in 25 pl DMSO solvent to give a final pisatin concentration of 31 pg ml -I (0.1 mM).
Cultures were incubated on a reciprocal shaker ( I 10 strokes min-I ) at 20 "C for 6 to 8 h. After this period of substrate pretreatment, 31 pg ['Tlpisatin (1.1 x 1V d.p.m.1 was added to each mi of culture. again in a total volume of 25 pI DMSO. Samples (0.75 ml) were removed at four 5 min intervals. and piaced immediately into 4.5 ml of 0. S:; PPO/toluene scintillation fluid. Most [3-O-murh~,l-'.'C]pisatin in the resulting biphasic mixtures is partitioned into the upper toluene phase, whereas I T derived from demethylated pisatin either remains in the lower aqueous phase and is not detected or is lost as l T O 2 (VanEtten etul.. 1980). I*C content was measured on a Beckman LS355 scintillation spectrometer. The amounts of labelled pisatin in the four samples, plotted against time, were subjected to linear regression analysis. The slope of the regression line was converted to a corresponding rate of pisatin demethylation expressed in pmol min I I (mg fresh wt mycelium)-I . Isolates with detectable demethylation rates over this time interval were scored as having the high activity, inducible pisatin demethylase phenotype (PDAl). Activities for isolates of this phenotype ranged from 31 to 138 pmol min-I mg-I . Cultures with demethylation rates less than the minimum detectable by this assay ( < I 1 pmol min -I mg -I ) were judged to have either low activity (PDA") or non-demethylating (PDA -) phenotypes.
To distinguish PDA" from PDA ~ isolates, the cultures described above were incubated further on a rotary shaker (I 10 r.p.m.) at ambient temperature for approximately48 h after the additionof [ ITlpisatin. At this time a further 0.75 ml sample was removed, added to the toluene based scintillation fluid and counted. Cultures retaining > 90% of the added "C in the toluene layer were judged to be of the nondemethylating (PDA-) phenotype. Cultures retaining less than 507" of the I4C in the toluene layer at 48 h, and not having the PDA' phenotype, were scored as low-activity, pisatin demethylating isolates (PDA"). Occasionally cultures failed to fall within the defined limits of these phenotypic classes. Upon re-testing by this method, or by method 2 or 3, the phenotype of these isolates became apparent (Kistler. 1983) .
(ii) Method 2. Rates of pisatin demethylation were established for selected low activity, PDA" isolates by the following procedure. Cultures were grown in succinate medium, filtered, and resuspended in buffer as described for Method 1. ['*C]Pisatin was then added directly to these cultures in 25 pl DMSO (final pisatin concentration 31 pg ml-I ; 1.1 x lo* d.p.m. ml-I ) . Samples (0.75 ml) were then removed from cultures immediately ( < 5 min) and at three or four intervals throughout the 72 h period following the addition of pisatin. Samples were placed in scintillation fluid and counted. Rates of pisatin demethylation were calculated from regression lines of thew data. The values calculated for PDA -isolates tested in this manner ranged from -0-10 to 0.02 pmol min-I mg-I , the negative values apparently arising from loss of water from cultures by evaporation. The apparent rate of a control PDA -culture was therefore subtracted from calculated rates for PDA" isolates to correct for this effect. Rates for PDA" cultures determined in this manner ranged from 0-22 to 1-02 pmol min-mg-I .
(iii) Method.?. Because demethylase activities for PDA" isolates were sometimes very low, and at times difficult to detect by methods I or 2, an additional method for measuring demethylating ability over longer periods. modified from a previously described technique (Tegtmeier & VanEtten. 19826), was used. Mycelium was grown from spores for 2 don Petri plates containing a glucoselpeptone agar medium (M-2, VanEtten, 1973) . A disc 4 mm in diameter was cut from each cutture with a cork borer and placed on a 7 x 35 mm Petri plate containing I ml M-2 medium supplemented with 161 pg [ 'Tlpisatin ( 1 . 1 x 10.4 d.p.m.). Mycelium was allowed to cover the plate and after approximately 2 weeks the agar was scraped from the plates and placed in the scintillation fluid described above. PDA-cultures retained between 93 and IM", of the added toluene-soluble radioactivity, whereas PDA" cultures retained less than 22",.
Chemical confirmation of pisutin dunrPrhj*lutiun in purvnt isolaivs. To test whether retention or loss of toluenepartitioning corresponded to retention or loss of pisatin from cultures, the parent isolates of most crosses discussed in this paper (T-2, T-129. and 44-100) were prepared for phenotype determination as described for Method 1. However, in this case. 1 SO ml samples were removed from cultures 3 min, 3 h. and 48 h after addition of [ "Clpisatin. and extracted with 4.5 ml toluene. The toluene phase was evaporated under reduced pressure, and the resulting residues were spotted on silica gel thin layer chromatography plates with fluorescent indicator Fig. 1 shows representative assays for pisatin demethylation as determined by Method I. Only the inducible, high activity PDA' isolates showed detectable demethylase activity during the 20 min time course, after 6 to 8 h pretreatment with substrate. The low activity PDA" and nondemethylating PDA -isolates were distinguished by the amount of [ 14C]pisatin remaining in culture after 48 h.
RESULTS

Assays for pisatin demethylase phenotypes
Method 2 permitted assessment of the demethylation rate for the PDAn isolates (Fig. 2) . PDA -strains showed no activity. 
Inheritance of PDA phenotypes
To study the inheritance of pisatin demethylation phenotypes, isolates of different phenotypes for pisatin demethylation, mating type and female fertility were mated. The results of random ascospore isolations of these crosses are given in Table 2 .
A cross between PDA' (T-2) and PDA" (T-219) field isolates resulted in some progeny that lacked demethylase activity altogether (cross 44). Twenty of 100 ascospores were of this PDAphenotype, indicating that the determinants of the parental demethylating phenotypes are nonallelic. Crosses between PDA-progeny of this cross or a subsequent cross and the PDAn parent isolate (T-219) resulted in I : 1 segregation for the parental demethylating phenotypes (crosses 62 and 76), indicating that these strains differed at a single gene. To test this hypothesis, tetrads from cross 77 were isolated and analysed for pisatin demethylation phenotype. The results (Table 3) are consistent with this hypothesis. The putative PDA loci segregated predominantly as parental ditype (4 :O :4) and implied non-parental ditype (4 :4 : 0) or tetratype asci (4 : 2 : 2). A single 2 :O : 6 ascus was also found. This ratio may have arisen from a loss of one meiotic product followed by a reduplication of an existing sister ascospore, since FEM and MAT also segregated 2 :6 for the parental phenotypes in this tetrad, whereas in all other tetrads segregation for these traits was 4:4. The possibility that this segregation pattern resulted from an error during isolation of the ascospores also cannot be excluded.
T-2
44-100
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To test further whether isolate 75-10 contains two genes for pisatin demethylase activity, cultures derived from ascospores from a 4 : 4 : 0 tetrad of cross 77 (ascus 2) were further crossed with PDA-isolates. When a culture with the PDA' phenotype (77-2-3) from this ascus was crossed with a PDA-isolate, parental demethylase phenotypes segregated 1 : 1 in random ascospore isolations (cross 94, Table 2 ). In addition, each of eight tetrads isolated from cross 94 segregated 4 : 4 for PDAi and PDA-ascospores (Table 3) . Likewise, when a culture with the PDAn phenotype from ascus 2, cross 77 (77-2-5) was crossed with PDA-isolate, parental demethylase phenotypes segregated 1 : 1 in random ascospore isolates (crosses 96 and 99, Table  2 ). These results are consistent with the interpretation that two pisatin demethylase genes exist in ascospore 75-10.
The PDAn gene inferred from crosses 96 and 99 is apparently non-allelic to the PDAn gene from isolate T-219. When a cross between 77-2-8 (PDA" derived from 75-10) and 62-18 (PDA" derived from T-219) was analysed, an approximate 3 : 1 ratio of PDAn : PDA -was obtained in random ascospore progeny (cross 95, Table 2 ). Similarly, a cross of the parental and progeny PDAn isolates from cross 44 (cross 73) resulted in PDA-progeny, although the frequency in random ascospores was inconsistent with the 3 : I ratio expected of unlinked alleles. Regardless of considerations of linkage, these results support the idea that these isolates are sources of distinct genes, either or both of which confer the PDAn phenotype.
In summary, it appears that three loci determine pisatin demethylating ability in the parents of cross 44. An allele at one locus (designated pda-3) present in isolate T-219 results in the PDAn phenotype (crosses 62 and 76), Alleles at the other loci, present in ascospore 75-10, confer either the PDAi phenotype (pda-I, cross 94) or the PDAn phenotype (pdu-2, crosses 96 and 99). Since the high level of pisatin demethylase activity resulting frompdu-I masks the presence or absence of activity derived from pda-2 and pda-3, a 4 : 3 : 1 ratio of PDAi : PDAn : PDA-phenotypes would be expected in cross 44 if all demethylase loci segregate independently. The observed frequency of demethylase phenotypes in this cross is not inconsistent with this ratio (Table 2) .
Since active alleles atpda-1 andpda-2 must ultimately be derived from field isolate T-2, a ratio of 2: 1 :1 is expected for PDAi:PDAn:PDA-in crosses 71 and 75. However, the observed frequencies for these phenotypes do not support this interpretation. In both crosses, a greater number of PDA-progeny was observed than expected. This result could be explained by the presence of a gene or genes which result in an epistatic PDA -phenotype. The existence of such genes in N. haematmoccu has been proposed (Tegtmeier & VanEtten, 1982b) , but attempts to demonstrate their presence directly have been unsuccessful to date (W. Cowling, personal communication) . Also peculiar to crosses 71 and 75 is the fact that FEM segregated in 14 : 35 and 4 : 55 (FEM+ : FEM-) ratios respectively, and for cross 71 the MAT+ : MAT-ratio was 37 : 12, whereas both traits segregated in 1 : 1 ratios in all other crosses. Ascospore germination was low ( < 40%) in crosses 71 and 75 (Table 2) , and events affecting viability of ascospores in these crosses may also influence segregation of the traits under consideration. A further indication that random ascospore data must be interpreted with caution was obtained in a cross between another PDAi field isolate, T-9, and the PDA-isolate 44-100 (cross 74, Table 2 ). In random ascospore analysis only six of 50 progeny were of the parental PDAi phenotype, despite the fact that segregation for MAT and FEM was as expected and germination of random ascospores was > 99%. However, examination of asci indicated that > 90% contained four (or sometimes fewer) ascospores. Asci containing seven or eight ascospores rarely were seen, but those that were isolated segregated either 8 :O or 4 :4 PDA' : PDA - (Table 3) .
Linkage of pda-I and fern Recombination frequencies were determined in random ascospore progeny of three crosses where the segregation of PDAi and FEM traits was consistent with control by the single genes pda-I andfem (crosses 44,77 and 94). In all crosses the PDA' parent was of the FEM-, MATphenotype. Of these 196 progeny, only 31 were recombinants with respect topdu-I andjem (8 PDAl, FEM+ progeny and 23 PDA-or PDA" progeny that were FEM-). In contrast, 91 of 196 were recombinants with respect to pda-1 and MAT. These findings suggest that the genetic determinants of the inducible pisatin demethylase phenotype and female fertility are linked. Tetrad data from crosses 77 and 94 (excluding the anomalous 2 :6 ascus in cross 77) also showed single gene control of FEM and PDAi. With respect to these traits, 18 parental ditype, no non-parental ditype, and two tetratype asci were observed, again demonstrating linkage between pda-I and fim. In contrast, MAT and PDA' showed nine parental ditype, seven non-parental ditype and four tetratype asci.
DISCUSSION
Field isolates of N. haemarococcu can display different phenotypes with respect to whole cell pisatin demethylase activity (VanEtten & Matthews, 1984;  VanEtten et a/., 1980). Isolates having no detectable activity (PDA -), only low activity (PDA"), or a high, substrate-induced level of pisatin demethylase activity (PDA') exist in nature. The results presented here with isolates T-2 and T-2 19 indicate that these pisatin demethylase phenotypes are distinct and are passed on to progeny as distinct phenotypes.
The results suggest that a pair of alleles at one locus (designated pda-1) determines the presence or absence of the PDA' phenotype. Alleles at two other loci (pda-2 and pdu-3) each can confer the PDAn phenotype. The apparent epistasis of the PDA' phenotype conferred by pda-I toward genes conferring the PDA" phenotype is due to the inability to detect a small additional amount of pisatin demethylase activity in a high activity PDA' background. Negative alleles at every locus result in PDA -individuals.
Linkage seems to occur between pdu-I and the locus that confers the female fertile trait,fem. In random ascospores from three crosses, only approximately 16% recombination occurred between PDA' and the FEM-phenotypes conferred by pdu-1 and fern. The frequency of recombination for these traits in tetrads was 5% (two tetratype asci of 20 examined). An attempt to support the idea of linkage by crossing PDA', FEM+ recombinants with PDA-, FEMstrains was unsuccessful due to the low fertility of the PDA', FEM + strains used. Low fertility, as expressed by few or poorly formed perithecia and poor ascospore germination, is a problem with many isolates of N. hoemutucocca regardless of pisatin demethylase phenotype.
t o w fertility, however, was not the cause of aberrant segregation for pisatin demethylating ability in a cross involving field isolate T-9 (cross 74). One interpretation of the noted low frequency of PDA' progeny among random ascospores in this cross is that PDA' progeny are preferentially aborted in asci.
Ascospore 'killer' or 'abortion' factors have been extensively described in Neurosporu (e.g. Turner & Perkins, 1979) and in lesser detail for some fungal plant pathogens, including Hvpomvces ipmueue ( N . huemutococca MP 11) (Dimock, 1937) ' Venturia imequalis (Yoder et al., 1982) , and Fusarium moni/fime (Gibberella fujikuroi') (Kathariou & Spieth, 1982) . These factors cause selective loss of half the meiotic products of most asci, with loss often under simple, nuclear control (Kathariou & Spieth, 1982; Turner gL Perkins, 1979) . Often incomplete penetrance of the killer phenotype allows for a low percentage of eight-spored asci (Kathariou & Spieth, 1982) . Ascus formation in cross 74 appears similar to these killer phenotypes. Linkage of genes for killer and PDA' phenotypes could account for the low frequency of PDA' random ascospores in cross 74 when compared to that of tetrads. However, other phenomena such as reciprocal translocations in field isolates could conceivably also explain the data of cross 74. Further study is required in order to understand these results.
The nature of the gene products of pdu-1, pdu-2 or pda-3 is not known. Previous evidence has shown that pisatin demethylation in field isolate T-9 of Nectria haemarococca is catalysed by a membrane-associated cytochrome P-450 monooxygenase (Desjardins et a/., Matthews & VanEtten, 1983) . One simple interpretation of the genetic data is that each locus represents a distinct structural gene for a pisatin demethylase enzyme. Distinct isoenzymic forms of cytochrome P-450 enzymes are known to exist in mammals (Guengerich et al., 1982) . However, gene products governing cofactors, enzyme regulation, or substrate transport might also explain our results. Likewise it is unclear whether the difference between PDA' and PDAn individuals results from structurally different enzymes with a similar function, or if the difference is more of a regulatory nature. An effort is now being made to correlate genes conferring pisatin demethylase activity with specific protein products. 
